Zinc-barium-borate glasses with the composition (60 − )B2O3-10ZnO-30BaO-Sm2O3 (where = 0.5, 1.0, 1.5, 2.0 and 2.5 mol %) doped with Sm 3+ ions have been prepared, and their physical and optical properties are investigated. The photoluminescence spectra recorded under the 403-nm excitation exhibited the emission bands at 564, 600, 647, and 710 nm corresponding to the transition 4 G 5/2 → 6 H ( = 5/2, 7/2, 9/2, 11/2), respectively. The Judd-Ofelt intensity parameters (Ω , = 2, 4, and 6) have been evaluated, and the radiative transition probabilities, emission cross-section, and branching ratios for the excited levels of Sm 3+ ions are predicted. The lifetime of the 4 G 5/2 level is found to decrease with an increase in the Sm 3+ ion concentration.
Introduction
Rare earth (RE) ions have been widely studied in various glasses and optical devices such as lasers, light converters, sensors, and optical fibers in the visible regions [1] . In these devices, excitations and emissions are due to transitions among 4 electronic states of trivalent RE ions. The RE ions, Sm 3+ ions, have encouraged a vast interest due to the addition of Sm 3+ ( 4 5) ions in the various materials in glasses. This permits one to use them for color displays and solid state light applications [2] . The excited 4 G 5/2 level of Sm 3+ ion emits in the visible region, which presents a relatively huge quantum efficiency and indicates a different quenching mechanism [3] . The glasses stimulated with Sm 3+ ions emit reddish orange light as a result of the 4 G 5/2 → 6 H ( = 5/2, 7/2, 9/2, 11/2) transitions. The 4 G 5/2 → 6 H 5/2 transition of the Sm 3+ ions is known as a hypersensitive transition and it's liable one to increase its intensity, while there is a decrease in the luminescence site by c ○ Y. YAMSUK, P. YASAKA, N. SANGWARANATEE, J. KEAWKAO, 2018 a change in the host composition of the glass matrix [4] . Barium borate glasses possess the extensive range of applications for optoelectronic devices [5, 6] . In particular, barium-based oxide glasses represent a high electric resistance, high refraction, low coefficient of thermal expansion, low dispersion, and relatively low melting point. Barium in glasses plays an important role as their primary network at high concentrations and a modifier at low concentrations. In addition, the barium borate glass system is of interest from a fundamental point of view due to anomalies in the compositional dependence of some physical properties [7, 8] .
In this work, we will study the spectroscopic behavior of Sm 3+ ions in the zinc-barium-borate glasses. We prepared the Sm 2 O 3 -doped zinc-bariumborate glasses and analyzed their physical and spectroscopic properties. We also calculated the JuddOfelt intensity parameters, by using the absorption data of the prepared glasses. The calculations were done specifically for different Sm 2 O 3 concentrations. Emission properties of the glasses for dif- ferent Sm 2 O 3 concentrations are also discussed in detail.
Experimental

Glass preparation
The Sm 3+ -doped zinc-barium-borate glasses were prepared, by using chemicals such as H 3 BO 3 , ZnO BaO, and Sm 2 O 3 . The chemical composition of the prepared glasses was (60 − )B 2 O 3 -10ZnO-30BaO-Sm 2 O 3 (where = 0.5, 1.0, 1.5, 2.0, and 2.5 mol%) obtained by a conventional melt quenching technique. The raw materials of about 15 g per batch were thoroughly mixed and crushed in an agate mortar to obtain a homogeneous mixture. This mixture was taken into a porcelain crucible and kept in an electrical furnace at 1,100 ∘ C for 3 h. The melt was poured onto a preheated brass plate, then pressed by another graphite plate to obtain a uniform thickness. The prepared glasses were annealed for 3 h at 500 ∘ C to remove strains and to improve the mechanical strength. The glasses were allowed to reach room temperature rarely and were well polished on both sides to obtain a plane faces before further optical measurements.
Physical and optical studies
The density of the Sm 3+ -doped zinc-barium-borate glasses was determined by the Archimedes method, by using a densitometer HR-200 and a weighing balance. The refractive index of the glasses was measured at room temperature, by using an Abbe refractometer at 589 nm with monobromo-naphthalene as a contact liquid. Physical parameters such as the density, molar volume, refractive index, and concentration of Sm 3+ ions are summarized in Table 1. The optical absorption spectra of the prepared glasses were recorded on the UV-Vis-NIR regions in the range 700-1,800 nm, by using a UV-3600 Shimadzu UV-VIS-NIR spectrophotometer. The excitation and emission spectra of the prepared glasses were registered with a Cary Eclipse Fluorescence Spectrophotometer. The lifetimes of the 4 G 5/2 excited level of Sm 3+ ions were measured under the excitation at 403 nm by using a Cary Eclipse Fluorescence Spectrophotometer. The Judd-Ofelt intensity parameters give a significant information regarding the local structure and bonding in vicinities of Sm
3+
ions that have been calculated and reported here. Figure 1 represents a variation in the density ( ) and molar volume ( ) as a function of mol% of Sm 2 O 3 . It is obvious from this figure that the density and molar volume of the glasses increase. An increase in the density of the prepared glasses directly correlates with the higher molecular weight of Sm 2 O 3 , as compared to the other constituents of the glass. The molar volumes of glasses decrease with increasing the Sm 2 O 3 concentration, which reflects that the glass structure becomes more compact with increasing the concentration of Sm 2 O 3 . The increased molar volume is due to the higher ionic radius of Sm 3+ ions [9, 10] . The values of the density ( ) are in the range of 3.1789 to 3.2947 g/cm 3 , while their molar volumes ( ) are in the range of 31.2328 to 34.2374 cm 3 /mol.
Results and Discussion
Physical properties
Absorption spectra
Figures 2, a and b show the absorption spectra of Sm 3+ -doped zinc-barium-borate glasses, UV-vis and NIR absorption spectra in the spectral intervals 350-600 nm and 700-1800 nm at room temperature, respectively. Several absorption bands are observed depending on the doping concentration of Sm 3+ . The intensities of absorption bands increase with the concentration of Sm 2 O 3 . The absorption spectra consisted of seven bands at 400, 474 [11, 12] , which conforms the selection rule: |Δ | = 0, |Δ | 0 and |Δ | 0.
Oscillator strengths and Judd-Ofelt intensity parameters
The Judd-Ofelt (J-O) parameters are used to analyze the various radiative properties of Sm 3+ ions such as the radiation transition probability, branching ratio, radiative lifetime, and stimulated emission cross-section ( ) [13, 14] . The calculated oscillator strength ( cal ) of an electric dipole transition from the ground state ( ) to the excited states ( ′ ′ ) of the a b Fig. 2 . UV-vis Absorption spectra of the Sm 3+ -doped zincbarium-borate glasses (a); NIR absorption spectra of Sm 3+ -doped zinc-barium-borate glasses (b) Sm 3+ ions in the 4 configuration is estimated, by using the equation
where is the electron mass; is the mean wavelength of the observed transition, is the light velocity, is the refractive index, ℎ is Planck's constant, ⃦ ⃦ ⃦ ⃦ 2 are the doubly reduced square matrix elements of the unit tensor operator, which are evaluated from the intermediate coupling approximation for the transition from to ′ ′ [15] ; ⟨‖ ‖⟩ is independent of the host matrix; and (︀ 2 + 2 )︀ 2 /9 is the Lorentz local field correction factor, which indicates that the ion is calculated in a dielectric medium but not in vacuum [16] . Integrating each absorption bands of the Sm 3+ -doped zinc-barium-borate glasses allows us to fit the experimental oscillator strength of the 6 H 5/2 level to the various excited levels:
where ( ) is the molar extinction coefficient of the absorption band at the average energy ( ) in cm , of the sample glasses is as follow:
where is the number of levels included in the fit. The total emission cross-section of Sm 3+ -doped zinc-barium-borate glasses is shown in Table 2 . These results show the good agreement between the experimental results and calculated oscillator strengths of the glasses as compared to the 10TeO 2 -15CaO-5ZnO-10Nb 2 O 5 -59B 2 O 3 -Sm 2 O 3 [17] and another glasses, as shown in Table. 3.
Experimental branching ratios ( ( ) exp) were calculated by the integral intensity of the emission lines starting from the given excited state and are compared with the predicted ( ( ) cal) values calculated from the J-O theory shown in Table 2 [23] . The branching ratio is used to identify the better emission transition for the laser action. Of all the present glasses, the 0.5-mol% Sm 2 O 3 glass possesses the higher magnitude of branching ratio and follows the order 4 G 5/2 → 6 H 7/2 > 6 H 5/2 > 6 H 9/2 > 6 H 11/2 . For these transitions, the experimental and calculated branching ratio values are in the intervals 0.1527-0.1129, 0.5836-0.4159, 0.2439-0.0007, and 0.01980-0.7400, respectively. It is well known that the emission transition with 0.50 is highly suitable for the laser emission. Among all the observed emission transitions, the 4 G 5/2 → 6 H 7/2 transition has the higher value of , and, hence, it is more suitable for the laser action. Figure 3 Figure 4 presents the emission spectra at different concentrations in the prepared glasses at an excitation wavelength of 403 nm. The spectra show three significant peaks along with the small peak at the longer wavelength. The observed emission peaks are centered at 564 nm, 600 nm, 647 nm, and 710 nm. These peaks correspond to
Excitation and emission studies
, and 4 G 5/2 → 6 H 11/2 transitions of the Sm 3+ ions. The highest peak of emission spectra is observed at 600 nm.
X-ray luminescence spectra
The X-ray luminescence spectra of Sm 3+ -doped zincbarium-borate glasses are shown in Fig. 5 [28] . The highest peak is observed at 600 nm. Moreover, we found that the intensity for the 1.0-mol% sample is higher than others due to the concentration quenching effect. It can be explained by that the host material and the activator ion have different interaction mechanisms with UV and X-ray excitation. UV directly excites only the electrons of Ln ions, while X-ray excite both the electrons of Ln ions and the host. The X-ray excitation of the host glass results in the hole-electron interaction; so, the large number of secondary electrons are produced. Glass doped with Sm 2 O 3 1.0 mol% was cut and polished to be same size and shape with commercial BGO crystals, as is shown in Fig. 5 . By the total area under peaks of the spectrum, the integral scintillation efficiency of 1.0-mol% Sm 2 O 3 -doped glass was determined and found to be 25% for a BGO scintillator crystal. Since these glasses have a long decay time of a few milliseconds, they can be used for the integration mode of scintillation in medical and industrial X-ray imagings in section systems, as well as in portal imaging systems at MeV energies [29] .
Decay analysis
The lifetime of the 4 G 5/2 energy level for the different concentrations of Sm 2 O 3 was measured, and the experimental decay curves are shown in Fig. 6 . As the concentration of Sm 3+ ions increases, the lifetime decreases. This decrease may be due to the transfer of energy between the Sm 3+ ions. The decay curves follow a single exponential function for every concentration for Sm 3+ -containing glasses. This may be due to the energy transfer between excited ions and groundstate ions via the cross relaxation. On the excitation of the Sm 3+ ions above the 4 G 5/2 level, the electrons decay to the 4 G 5/2 level by the fast non-radiative relaxation, and the emission occurs from this energy level to the lower energy levels [24] .
Commission Internationale de L'Eclairage (CIE) system
The color chromaticity of a sample is estimated, by using the Commission International de L'Eclairage (CIE) system [25, 26] . The chromaticity specifies the Fig. 7 . CIE chromaticity diagram of Sm 3+ in zinc-bariumborate glasses hue and saturation of a color. Hence, the chromaticity coordinates can be used to determine the exact emission color and the color purity of a system [27] . Using the spectral power distribution of the glassy sample and the CIE color matching functions, the tristimulus values ( ), ( ), and ( ) are calculated. The chromaticity co-ordinates ( , ) are estimated from the tristimulus values as = /( + + ) and = /( + + ). The ( , ) coordinates of the present glassy system are found to be (0.60, 0.39), and the corresponding color of the sample is marked in the CIE chromaticity diagram in Fig. 7 . The CIE diagram confirms that our novel zinc-barium-borate glassy material produces emissions in the orange region, which increases its potential for use in display applications.
Conclusions
The physical and optical properties of Sm 2 O 3 -doped glasses of the composition (60 − )B 2 O 3 -10ZnO-30BaO-Sm 2 O 3 are successfully studied in the present work. The density of glass samples increases with the Sm 2 O 3 concentration. The molar volumes of glasses increase with the Sm 2 O 3 concentration as well. The observed trend in the variation of the J-O parameter was Ω 4 > Ω 6 > Ω 2 . The spectroscopic quality factors for the 0.5-mol% Sm 2 O 3 glasses appears to be better as compared to the other glasses in the prepared series. The emission spectra show the peaks centered at 564 nm, 600 nm, 647 nm, and 710 nm. These peaks correspond to 4 
